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ABSTRACT
THE IMPACTS OF CLIMATE CHANGE ON BLACKEYE GOBY, RHINOGOBIOPS
NICHOLSII, STRESS RESPONSES, REPRODUCTION, AND OFFSPRING FITNESS
by
Alora Yarbrough
Master of Science in Marine Science
California State University Monterey Bay, 2022
Along with warming and sea level rise, the increasing intensity of ocean acidification
(OA) and hypoxia events in coastal environments is of large concern as climate change
progresses. Weakened immune function, altered reproductive output, reduced aerobic scope, and
hyperventilation are just some of the ways OA and hypoxia negatively affect fish. Under stress,
such as OA or hypoxia, fish will produce the hormone cortisol to maintain homeostasis, so
cortisol concentration can be used to determine the relative stress an animal is experiencing. This
study evaluated the stress response of adult female blackeye gobies under both acute and chronic
exposure to environmental stressors by measuring muscular cortisol concentrations at specific
time points from fish placed in one of four different treatments: control (8.1 pH; ~9 mg/L O2),
low DO (8.1 pH; 2.0 mg/L O2), low pH (7.3 pH; ~9 mg/L O2), and a combination of low DO and
low pH (7.3 pH; 2.0 mg/L O2). Additionally, some larval fish rely entirely on maternally derived
hormones supplied by the yolk sac immediately after hatching. An increase in cortisol in the yolk
supply may cause developmental disadvantages, but there is also evidence that it can better equip
offspring to face the stressors experienced by their mothers. Therefore, the relationship between
maternal muscular and whole egg cortisol concentrations was investigated with females laying
clutches under each of the four treatments. After spawning, clutches were split to be incubated
under the same conditions their mothers experienced or the control treatment. At 1 day post
hatch, offspring physiological fitness was evaluated based on morphometric characteristics and
standard metabolic rate. This study observed that adult female blackeye gobies experiencing
acute stress tend to have higher cortisol concentrations than those under chronic stress. While
under acute stress, blackeye gobies had the strongest stress response under the low pH treatment,
followed by the combined stressors, with the response to the low DO treatment being the
weakest. While under chronic stress, blackeye gobies had the highest sustained cortisol values
while under the combined treatment, then the low pH treatment, with the lowest values under the
low DO treatment. Low DO and low pH were also found to act antagonistically on the blackeye
goby stress response. When evaluating how stress is translated generationally, a positive
relationship between maternal and egg cortisol concentrations was found across the four
treatments. However, blackeye gobies were not able to successfully fertilize eggs under the low
pH or combined treatment. In addition, clutches with higher initial cortisol concentrations
showed trends of increased time to hatching and standard metabolic rate and decreased length
and weight at 1 day post hatch. The results of this study suggest decreased pH and dissolved
oxygen are harmful to both adult and larval blackeye gobies. Due to the disruption of successful
reproduction under low pH and the developmental and physiological disadvantages under low
DO, future populations of blackeye gobies could suffer greatly as anthropogenic climate change
progresses.
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INTRODUCTION
Climate change has been defined as long-term shifts in both temperature and weather
patterns at the local, regional, and global scale. Historically, these changes have occurred
naturally; however, human activities have contributed to relatively rapid changes in recent years.
Since the 1800s and the beginning of the Industrial Revolution, when fuel combustion and
deforestation accelerated globally, the earth has observed an increase in the frequency of extreme
weather events including hurricanes, heatwaves, wildfires, droughts, floods, and precipitation as
well as cloud and vegetation cover changes (Rosenzweig et al., 2008). Additionally, the
warming of earth’s temperatures has contributed to ice loss at the earth’s poles, glacial melt, and
rising sea levels (Rosenzweig et al., 2008). While terrestrial environments experience more
dramatic changes, earth’s aquatic environments are also facing a unique set of challenges as a
result of anthropogenic climate change. Although the oceans do not warm as quickly as
terrestrial environments, marine species of diverse lifestyles and habitats are already shifting
their distributions poleward and deeper (Poloczanska et al., 2016). Along with warming, ocean
acidification and deoxygenation of marine environments are two processes triggered by climate
change that are of major concern. As climate change progresses, organisms will either be
winners or losers. It is important to evaluate how individual species react to current and
projected changes in ocean conditions to have a better understanding of how they will fare, as
well as make inferences about their future amidst the changing climate.
Ocean acidification may have detrimental effects on marine organisms at varying life
stages. Since the beginning of the widespread use of fossil fuels, the amount of carbon dioxide
(CO2) in the atmosphere has increased by approximately 100 parts per million, and continues to
increase (Doney et al., 2009). The ocean acts as a major sink, absorbing much of the excess
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carbon. As CO2 dissolves into the ocean, it alters the dynamic equilibrium of carbonate
chemistry endpoints. CO2 reacts with water to form carbonic acid (H2CO3), which then
dissociates into hydrogen (H+) ions and bicarbonate (HCO3-) or carbonate (CO32-) ions (Doney et
al., 2009). This increases the amount of free H+ ions in the water, resulting in a decrease in pH
(i.e., becoming acidic), is a process commonly referred to as ocean acidification. Marine surface
waters currently maintain a pH of ~8.1 (ambient conditions) but may drop as much as 0.4 pH
units by the year 2100 (Orr et al., 2005), resulting in an ocean that is more acidic than over the
past 800,000 years (Feely et al., 2009). Ocean acidification has been documented as detrimental
to marine teleosts in many ways, including altering respiratory gas exchange (Esbaugh et al.
2012), weakening immune function (Fu et al., 2021), causing larval tissue damage (Frommel et
al., 2011), and shifting breeding seasons and reproductive output (Servili et al., 2020). However,
due to its complex nature, ocean acidification often elicits species-specific responses making it
difficult to summarize how marine teleosts will react.
Another major consequence of anthropogenic climate change is the deoxygenation of
ocean waters (Breitburg et al., 2018). Hypoxia, a condition characterized by deficient oxygen
levels, has become more common in the ocean in the years following the Industrial Revolution.
Excess nutrients stimulate growth of microalgae and other microorganisms, resulting in the
depletion of oxygen as plankton die, sink, and are decomposed by bacteria (Cai et al., 2011).
Although hypoxic events occur naturally, nutrient inputs from agricultural runoff can exacerbate
low oxygen conditions. While hypoxia has been extensively studied in estuaries on the east coast
of the US and in the Gulf of Mexico, less is known about how hypoxia will affect US west coast
ecosystems (Helly & Levin, 2004). Ocean waters off the west coast of the US experience a
naturally occurring oxygen minimum zone (OMZ) that is shoaling towards the surface as climate
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change drives ocean warming and increased stratification (Keeling et al., 2010). Ocean waters
along the West Coast are typically between 6-9 mg of dissolved O2/L of seawater, but that
concentration can be reduced to 2 mg/L or lower during hypoxic events (Booth et al., 2012; Chan
et al., 2008). Although marine fish may still be able to meet their minimum aerobic requirements
during hypoxic events, exposure to hypoxia can decrease aerobic scope, increase predator-escape
times (Mattiasen et al., 2020), lead to hyperventilation (Ern & Esbaugh, 2018), and force energy
trade-offs by driving up the physiological cost of osmoregulation (Abdel-Tawwab et al., 2019).
As hypoxic events occur more frequently and at larger spatial scales, it is important to investigate
these physiological trade-offs and how they influence species at varying life history stages.
As climate change continues to progress, regional phenomena may contribute and
intensify its effects at different locations across the globe. The California Current System (CCS)
is part of an eastern boundary current that is characterized by high productivity due to seasonal
upwelling (Checkley & Barth, 2009). Upwelling occurs when alongshore winds force surface
waters offshore, bringing deep water to the surface to replenish it. This deep water is
characterized by being cooler, nutrient rich, low in oxygen, and more acidic than surface waters.
North of Point Conception, upwelling occurs from April to September with peak values
occurring during June and July (Snyder et al., 2003). Upwelling events can last from a few hours
to two-weeks with dissolved oxygen (DO) levels reaching as low as 2 mg O2/L and pH as low as
7.44 (Booth et al., 2012). However, as global climate change progresses, upwelling events are
predicted to occur more frequently and over longer timescales (Chan et al., 2008; Grantham et
al., 2004). Although upwelling brings vital nutrients that boost productivity, the consequences of
increased frequency and intensity of hypoxic and acidic events could be detrimental to
California’s marine life.
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Both ocean acidification and hypoxia elicit physiological and behavioral changes in
teleost fish. Several common changes are observed in acid-base regulation, blood circulation,
respiration, nervous system function, lateralization, behavior, growth and reproduction, and
larval development (Baumann et al., 2012; Chivers et al., 2013; Frommel et al., 2014; Hamilton
et al., 2017; Mattiasen et al., 2020). However, the responses to these stimuli are often species
specific and specific for each stressor (Pollock et al., 2007). The responses can vary at differing
life stages, with early life stages being particularly vulnerable to changes in ocean chemistry
(Frommel et al., 2011). These physiological and behavioral responses to climate change
stressors, while vital in maintaining an organism’s homeostasis, can have negative long-term
consequences (Koolhaas et al., 1997). While the effects of ocean acidification and hypoxia are
becoming better understood across a diverse set of marine teleosts (Frommel et al., 2014;
Hamilton et al., 2013; Richards et al., 2009; Wittmann & Pörtner, 2013), there is still much to
learn about how these effects may carry over indirectly from parent to offspring, how they will
affect a broad range of species, and how they interact to affect marine teleost physiology.
The ways in which an animal responds to changes in its environment make up what is
called the stress response (Charmandari et al., 2005). The stress response is provoked by a
variety of stimuli. When exposed to a stressor, fish exhibit a range of physiological changes to
maintain homeostasis. When the brain receives a signal that a stressor is present, the
hypothalamus releases factors which communicate with the pituitary gland to release
adrenocorticotropic hormone, melanophore-stimulating hormone, and b-endorphin (Chrousos &
Gold, 1992; Young, 1993). These hormones signal the head kidneys to release cortisol which
drives a suite of physiological and behavioral changes within the fish which include, but are not
limited to, an increase in cardiac output, oxygen uptake/transfer, and plasma glucose

5
concentrations, and a decrease in growth, reproductive output, production of muscle proteins,
and immune responses (Reid et al., 1998; Wendelaar Bonga, 1997). When adult teleost fish are
exposed to an acute stressor, their plasma cortisol concentrations increase rapidly and peak 1-2
hours after initial exposure (Vijayan & Moon, 1994). Cortisol levels then plateau and typically
return to normal within a week (Pickering & Pottinger, 1989). However, cortisol levels can
remain above basal levels when exposed to chronic stress (Carbajal et al., 2019). Because of its
role in the stress response, plasma and tissue cortisol concentrations have historically been used
to quantify stress levels in a variety of animals. Prior studies examining the stress response in
fish have focused on human disturbance and social interactions such as inter- and intra-specific
competition, territoriality, and predation (Ghisleni et al., 2012; Wysocki et al., 2006). These
factors represent acute stressors, because the stimulus is present for just a brief period and may
not have long-term consequences. Less is known about how fish respond to chronic stressors,
such as those related to nutrition or climate change (i.e., ocean acidification and hypoxia). If a
fish is exposed to a chronic stressor, their stress response may differ from when they are exposed
to acute stressors (Valenzuela et al., 2018).
Organisms rarely experience only one stressor at a time. Particularly, the stressors related
to climate change described previously often are experienced in concert with one another.
Coastal zones are of particular concern as hypoxic events that occur as a result of nutrient input
and increased productivity can amplify the severity of ocean acidification (Melzner et al., 2013).
When coastal areas increase in productivity, the same biological processes that deplete oxygen
also input large amounts of CO2 as respiration increases during the breakdown of organic matter
(Gobler & Baumann, 2016). The CO2 derived from these biological processes reacts with the
ions present in seawater in the same manner as CO2 from the atmosphere (Gobler & Baumann,
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2016). This means that instances of hypoxia and acidity not only co-occur in coastal zones, but
ocean acidification may be amplified by hypoxic events (Melzner et al., 2013). Therefore, it is
important to study how fish respond when they face multiple stressors at one time. Interactions
between stressors can be described as additive, synergistic, or antagonistic. When stressors have
additive effects, there is no interaction between the stressors and the response is a sum of the
individual responses. Synergistic and antagonistic responses are a result of an interaction
between the stressors that results in responses that are greater than or less than the sum of the
individual responses, respectively.
The stress response of fish in early life stages differs from that of adults. In contrast to
adult fish, embryonic fish rely entirely on maternally derived hormones until they develop their
own endocrine system ~2 weeks after hatching (Barry et al., 1995; Gagliano & McCormick,
2009). However, embryos are able to sense and respond to their environment through sensory
cells that continue to develop after hatching (Hubbs & Blaxter, 1986). Before hatching and
feeding, embryos survive on yolk supplied from the mother during vitellogenesis (i.e., the yolk
forming stage of development). If a female fish experiences stress during vitellogenesis, she will
produce yolk with higher cortisol concentrations (Gagliano & McCormick, 2009). The effects of
elevated cortisol on offspring are poorly understood. While offspring from eggs with elevated
cortisol display decreased time to hatching, decreased hatching success, and decreased growth
(Gagliano & McCormick, 2009; Stratholt et al., 1997), there is evidence that offspring with
increased cortisol at the time of hatching are better equipped to survive the environmental
stressors experienced by their mother (Lema, 2014; McCormick, 2006).
Blackeye gobies (Rhinogobiops nicholsii) are small, cryptic marine teleosts that are
abundant off the west coast of North America from Alaska to Baja California, and they inhabit
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coastal waters from the rocky intertidal down to depths of 60 meters (Csepp & Wing, 1999).
Blackeye gobies are protogynous hermaphrodites with larger males maintaining harems of
females (Kroon & Liley, 2000). These fish are highly territorial and will defend their territories
both during breeding and non-breeding seasons (Cole, 1984). Blackeye gobies are most abundant
at the rock-sand interface with low relief, small cracks, and shallow crevices (Love et al., 2006).
These areas not only act as an important refuge for blackeye gobies, but are also used during the
breeding season as nests. The female will deposit eggs within a small crevice, and the males will
then guard the nest until the eggs hatch. Blackeye gobies typically breed between April and
October but have been observed breeding year-round in areas with warmer temperatures (Schram
& Steele, 2016). Their abundance, ease of capture, adaptation to aquarium life, and predictable
reproduction make blackeye gobies an excellent species to examine the effects of maternal stress
on offspring cortisol concentration and fitness. Blackeye gobies are also a suitable proxy for
other nearshore kelp forest species that are economically and ecologically important.
The focus of this research aims to address how blackeye gobies respond to the stressors
of ocean acidification and hypoxia related to climate change by quantifying their cortisol
production during both acute and chronic stress. The stressors were assessed both individually as
well as in combination. These responses are often species specific, so it is important to assess the
stress response of a variety of fish species. This allows us to not only understand the fate of the
species itself, but by evaluating many different organisms, we are better informed about how a
community might be affected by these stressors. It was expected that cortisol values will be
higher during acute stress and lower during chronic stress periods. I also predicted that fish
experiencing both low DO and low pH at the same time will have the highest cortisol values,
followed by low DO only, and then low pH only, with control fish having the lowest cortisol
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values. Additionally, studying how stress affects subsequent generations is important to
understand which species will adapt to the stressors and which ones will not. As the oceans
continue to become more acidic and hypoxic, some animals may be able to adapt over time to the
changes, but for some the changes might be too quick or too extreme. For the reproductive aspect
of this study, a positive relationship between maternal and offspring cortisol was predicted. It
was also expected that higher cortisol in embryos would result in decreased time to hatching,
decreased length and weight at hatching, and an elevated standard metabolic rate.
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MATERIALS AND METHODS
Fish Collection and Husbandry
Mature male (>7cm) and female (>4cm) blackeye gobies were collected on SCUBA at
Stillwater Cove (36°34'N, 121°56'W) in Carmel Bay, CA. Collections took place during July and
August of 2020 for animals used in the adult stress response analysis and May 2021 for animals
that were used for reproduction experiments. Previous surveys of blackeye gobies at the rocksand interface recorded densities of 0.5–2 gobies/m2 for this area. A total of 300 fish were
collected for this project using hand nets on SCUBA, between the depths of 10-20 m. Fish were
placed into collection buckets, brought to the surface, transferred into large coolers with air
stones, and transported to the Aquaculture Facility at Moss Landing Marine Laboratories.
Collected gobies were quarantined for 15 days. Fish were fed fish pellets and/or chopped squid
every day throughout the duration of the study. All fish collections were done under the
Hamilton Ichthyology Lab CDFW collecting permit (S‐191050002‐19126‐001) and under the
approved SJSU IACUC protocol #1007.

Seawater System Description, Experimental Treatments, and Design
Experiments were conducted to test the independent and combined effects of multiple
climate change stressors on the stress response of adult blackeye gobies and impacts on their
offspring. pH and dissolved oxygen (DO) treatment levels were chosen to simulate future ocean
acidification and hypoxia exposure based on the predictions of future ocean chemistry under
current climate scenarios by 2100 (IPCC, 2021) for nearshore habitats exposed to seasonal
upwelling in the California Current region. One-hundred and sixty gobies were divided and
placed into 1 of 4 treatments (n=30 per treatment): control (8.1 pH; ~9 mg O2/L seawater),
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hypoxic (8.1 pH; 2 mg O2/L seawater), acidic (7.3 pH; ~9 mg O2/L seawater), and a combination
of hypoxic and acidic conditions (7.3 pH; 2 mg O2/L seawater), with two replicate tanks per
treatment (Fig. 1). The low pH treatments were maintained by bubbling CO2 into header tanks
that were monitored using CapCTRL software (Loligo Systems). The hypoxic treatments were
created in a similar way by bubbling nitrogen gas into the header tanks and were monitored using
WitroxCTRL software (Loligo Systems). Gas flow was controlled using automated solenoid
valves that rely on feedback from sensors for pH (WTW SenTix HWD) and dissolved O2 (Loligo
systems dipping probe). Header tanks were checked every day using a Hach multiparameter
meter (HQ40D; Table 1) to verify that hypoxic treatments were within 0.5 mg/L and low pH
treatments were within 0.05 pH units of the target setpoint. All pH sensors (WTW SexTix HWD
& HQ40D) were calibrated using standard buffers with pH levels of 4.0, 7.0, and 10.0. Dissolved
oxygen probes (Loligo systems dipping probe and HQ40D) were calibrated using two-point
calibration at 0% and 100% oxygen saturation.

Assessing cortisol responses in adult gobies following exposure to environmental stressors
Female blackeye gobies were exposed to each of the four treatments for either 1-hour or
1-week and then tissue cortisol was extracted and measured to examine the acute and chronic
stress response to ocean acidification and hypoxia. To do this, blackeye gobies from each tank
(n=15 per timepoint in each treatment) were euthanized at one hour (presumed peak cortisol
level) and one week (sustained cortisol level) after initial exposure, following recommendations
in Sadoul & Geffroy (2019). Fish were frozen at -20˚C until prepared for cortisol analysis. To
measure cortisol concentrations, 700 mg of muscle tissue was dissected and ground until
homogenized in 7 mL of phosphate buffered saline (PBS). The homogenate was transferred into
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1.5 mL microcentrifuge tubes and two freeze/thaw cycles were performed. The samples were
then centrifuged for 5 minutes at 5000 x g. The supernatant was pipetted off and immediately
analyzed for cortisol concentration using Fish Cortisol ELISA kits (MyBioSource Catalog #:
MBS704055). Samples and standards are added to the wells of a 96-well ELISA plate, where
cortisol present in the homogenized samples binds to the wells. Reagents were then added in
succession, causing the solution in the wells to turn a shade of yellow based on the cortisol
concentration (i.e. the darker the color, the less cortisol present). Absorbance of the solution was
then measured using a microplate reader and values were compared to a standard curve that was
provided in the Fish Cortisol ELISA kit to determine the concentration of cortisol. Standard
curves were run with each plate. Cortisol concentrations were compared among the treatment
groups using a Two-Way Analysis of Variance (ANOVA), with the factors of time, treatment,
and their interaction. Linear regressions were also performed to test associations between fish
length and weight with cortisol concentration.

Comparison of Cortisol Concentrations in Mothers vs. Offspring
Male and female blackeye gobies were placed in the four pH/DO treatments during their
breeding season until reproduction occurred and cortisol concentrations in mothers and eggs
were measured and compared. In order to achieve this, eight aquarium tanks were set up with
two terracotta saucers as a nest area to mimic blackeye goby breeding habitat, following Schram
& Steele (2016). Two replicate tanks were maintained for each of the four treatments described
previously (control, low pH, low DO, and combined low pH and low DO). Ten fish were placed
into each tank (two males and eight females) to mimic natural blackeye goby densities and
breeding sex ratios, with males maintaining a harem of females (Fig. 2). The terracotta saucers
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were inspected once a day for egg clutches. All adult females were euthanized after at least two
clutches had been laid and cortisol was measured in the manner described above. In order to
measure offspring cortisol levels, at one day post fertilization (dpf) a portion of the clutch was
collected and frozen at -20˚C. Whole tissue cortisol assays were performed to quantify the
amount of cortisol present within the eggs following the same protocol used for extraction and
measurement in adult tissues described previously. Due to the inability to track which female in
each tank laid the clutches; cortisol concentrations of all females within each treatment were
averaged for statistical analysis. To test for a relationship between maternal and egg cortisol
levels across treatments, average cortisol concentrations from females and eggs from the same
treatment levels were used in a linear regression. In addition, a linear regression was run between
the cortisol concentration of the largest female in the tank and the average egg cortisol, under the
assumption that the largest female in a harem is the most likely to breed with the male. To
account for the small sample size of the adult females and clutches laid, statistical significance
was accepted at the level of p < 0.1.

Offspring Fitness
Physiological fitness of the larvae with differing initial cortisol concentrations were
evaluated using incubation time, morphometric measurements, and standard metabolic rate.
None of the clutches laid under either the low pH or combined low pH/low DO treatments were
successfully fertilized, so offspring fitness was only evaluated for clutches from the control and
low DO treatments. Four two-gallon tanks were set up to maintain each of the OA/hypoxia
treatments as well as four two-gallon control tanks. Broods laid under the control and low DO
treatments were split in half with one half being placed in a two-gallon tank that corresponded to
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the treatment they were laid under, with the other half being placed in a two-gallon control tank
(Fig. 3). The embryos were allowed to develop and hatch naturally. As the clutches hatched, time
to hatching (days post-fertilization), weight (mg), and standard length (mm) of 15 larvae from
each viable brood was measured and recorded. In addition, larval standard metabolic rate was
measured under ambient ocean conditions in a closed system where larvae were placed in a 24well microplate reader system (PreSens) with 5 larvae per well (10 wells/50 larvae per treatment)
and four wells filled only with seawater as blanks. The microplate was sealed and placed in a
cold-water bath to maintain a constant temperature, and oxygen content was measured every 15
seconds until there was no longer a decrease in DO. This rate of oxygen consumption was used
along with the wet weight of the larvae to calculate standard metabolic rate using the package
“FishResp” in R. Random effects models were used to compare each of these offspring response
variables among the treatments to determine if there were differences in larval physiology based
on their mother’s treatment as well as their incubation treatment. To evaluate the effects of
cortisol on offspring physiological fitness, linear regressions were run comparing clutch cortisol
concentrations vs. time to hatch, length at hatch, weight at hatch, and standard metabolic rate.
Due to small sample size of larvae for each parameter, statistical significance was accepted at p <
0.1 for these regressions.
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RESULTS
For adult female blackeye gobies that were subjected to each treatment and time point,
cortisol concentrations were found to be independent of length (linear regression, F1,64 = 0.0023,
p = 0.9) and weight (linear regression, F1,64 = 0.0837, p = 0.7; Fig. 4). Although statistical
analysis did not yield significant differences (full factorial ANOVA, Treatment: F3,58 = 1.48, p =
0.2; Time: F1,58 = 0.14, p = 0.9), female adult blackeye gobies who were exposed to seawater
characterized by low pH, low DO, or the combination of the two generally had higher
concentrations of circulating cortisol at 1-hour than at 1-week (Fig. 5). However, the interaction
between treatment and timepoint was found to be significant (full factorial ANOVA, Interaction:
F3,58 = 4.38, p = 0.008). This is likely driven by the strong stress response from blackeye gobies
under the control time point at 1-week. These high levels of cortisol at 1-week from the fish in
the control treatment were unexpected. As predicted, cortisol in the control treatment was lowest
during acute stress with an average concentration of 13.32 ± 4.13 mg/L. However, at the 1-week
timepoint the control group showed the highest concentration of tissue cortisol at 34.87 ± 8.36
mg/L. When considering the remaining treatment groups, the strongest acute stress response and
corresponding highest cortisol concentrations for the 1-hour timepoint were seen in fish under
the low pH treatment (27.36 ± 5.81 mg/L), followed by the combined treatment (23.05 ± 4.10
mg/L), with low dissolved oxygen (16.65 ± 3.71 mg/L) having the weakest stress response (Fig.
5).
While under chronic exposure to these stressors, adult blackeye gobies who were
subjected to the combined stressor treatment (20.86 ± 3.02 mg/L) had the highest sustained
cortisol levels, followed by the pH treatment (16.90 ± 2.88 mg/L), and then the low DO
treatment (12.94 ± 2.76 mg/L; Fig. 5). A similar trend was found when analyzing the cortisol
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levels of adult female blackeye gobies under chronic stress during the reproduction trials (Fig. 6).
While this comparison was also found to not be significant (one-way ANOVA, F3,25 = 1.53, p =
0.23), the rank order of cortisol production across treatments was the same as the adult cortisol
response experiment (with the exception of the control group) where the combined treatment had
the highest muscular cortisol concentrations (19.46 ± 3.68 mg/L), followed by pH (14.82 ± 3.37
mg/L), and ending with dissolved oxygen (11.95 ± 2.92 mg/L; Fig. 6).
A positive trend was observed between tissue cortisol concentrations of adult female
blackeye gobies and cortisol concentrations in the eggs of their corresponding broods (linear
regression, r2 = 0.65, F1,2 = 3.76, p = 0.19). For adult females, cortisol concentrations were
lowest for fish in the control treatment (9.88 ± 2.71 mg/L), followed by low DO (11.95 ± 2.92
mg/L), then low pH (14.82 ± 3.37 mg/L), then the combined treatment (19.46 ± 3.68 mg/L).
Similarly, cortisol concentrations in the eggs were lowest for those laid under control conditions
(5.86 ± 2.22 mg/L), then low pH (12.60 ± 1.27 mg/L), followed by low DO (31.52 ± 1.82 mg/L),
with the highest concentration of cortisol found in eggs laid under the combined stressor
treatment (57.69 ± 22.39 mg/L; Fig. 7). A positive relationship was observed when only
comparing the largest adult female’s cortisol concentration with the average cortisol
concentration found in the eggs of clutches from a corresponding treatment (linear regression, r2
= 0.82, F1,2 = 9.40, p = 0.09; Fig. 7). When comparing the cortisol concentration found within the
eggs, the rank order of cortisol concentrations per treatment was the same when taking the
averages of all females or using only the largest female for analysis. The largest female from the
control treatment had the lowest cortisol concentration (2.36 mg/L), followed by the female from
the low pH treatment (4.68 mg/L), then the low dissolved oxygen treatment (4.98 mg/L), and
finally the largest female from the combined treatment had the highest amount of circulating
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cortisol (35.81 mg/L). The averages of the cortisol concentrations within the eggs are the same as
stated previously (Fig. 7). Although egg clutches were laid under each treatment, only clutches
that were laid under the control and low DO treatment had successful fertilization. All clutches
that were laid in both the low pH and the combined treatment were found to be unfertilized and
therefore failed to develop and hatch (Fig. 8).
Embryos that were laid and incubated in low DO seawater took longer to hatch than those
that were laid in either control conditions or low DO seawater, but incubated in ambient
conditions (ANOVA, F2,4 = 39.83, p = 0.002). On average, control fish hatched at 14.5 ± 0.5 dpf,
low DO-control fish hatched at 15.5 ± 0.5 dpf, and low DO-low DO fish hatched at 19.5 ± 0.5
dpf (Fig. 9). Larvae that were laid and incubated in low DO conditions were shorter in length
(Random effects model, F2,84 = 6.64, p = 0.002) and weighed less (Random effects model, F2,12 =
5.29, p = 0.023) than larvae that were laid in either the control or low DO treatments, but
incubated in the control treatment (Fig. 10). Larvae incubated in low DO seawater had an
average standard length of 3.08 ± 0.05 mm and weighed 0.18 ± 0.005 mg. Larvae that were
incubated in ambient ocean conditions but were laid under low DO conditions averaged 3.27 ±
0.06 mm in standard length and 0.23 ± 0.004 mg for weight. Larvae that were both laid and
incubated in ambient ocean conditions had an average standard length of 3.35 ± 0.05 mm and an
average wet weight of 0.22 ± 0.005 mg (Fig. 10).
Standard metabolic rate (SMR) was higher in larvae that were laid in the low DO
treatment and incubated in the control treatment than those that were laid and incubated in the
control treatment or those that were laid and incubated in the low DO treatment (Random effects
model, F2,16 = 8.22, p = 0.0035). The average SMR at 1 dph was 64.57 ± 8.08 mg O2/kg/hr for
control-control larvae, 70.55 ± 10.58 mg O2/kg/hr for low DO-low DO larvae, and 136.91 ±
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20.55 mg O2/kg/hr for low DO-control larvae (Fig. 11). Although not statistically significant, I
observed positive trends between egg cortisol concentrations and both time to hatch (linear
regression, r2 = 0.41, F1,4 = 2.76, p = 0.17) and mass-specific SMR (linear regression, r2 = 0.29,
F1,4 = 1.67, p = 0.27). Similarly, while not significant, I observed negative trends between egg
cortisol concentrations and weight (linear regression, r2 = 0.13, F1,4 = 0.59, p = 0.48). However,
there was a statistically significant negative relationship between egg cortisol concentrations and
larval standard length (linear regression, r2 = 0.54, F1,4 = 4.63, p = 0.09), such that larvae were
shorter from eggs with higher cortisol. When looking at the data from individual clutches laid
and incubated under the same treatments, they reflect the same relationships that were observed
between the averaged cortisol concentrations and the larval response variables described above
(Fig. 12). The only exception being time to hatch under the DO_control treatment which showed
the opposite of the overall trend (Fig. 12).
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DISCUSSION
Stress Response in Adult Blackeye Gobies
As the climate continues to change, events characterized by low dissolved oxygen and
low pH are becoming increasingly common in marine environments (Chan et al., 2008;
Grantham et al., 2004). Understanding how species react to these stressors, both acutely and
chronically, is important to understanding their survival and persistence amongst the changing
climate. When exposed to low pH, low dissolved oxygen, or a combination of the two, blackeye
gobies showed a stronger acute stress response in the first hour of exposure to treatment
conditions, with relatively higher cortisol levels compared to those following chronic exposure
of one week in treatment conditions. This pattern is common among other marine species when
faced with acute and chronic stress. For example, the red gunard, Chelidonichthys kum, reacted
much more strongly to an acute stressor of capture, resulting in elevated levels of plasma cortisol
that fell within 24 – 48 hours after capture (Clearwater & Pankhurst, 1997). However, when fish
were confined their cortisol levels dropped but were not found to be significantly different at any
timepoint up to 96 hours, confirming that they were chronically stressed at these lower
circulating cortisol concentrations (Clearwater & Pankhurst, 1997). Gilthead sea breams exhibit
the same effect with cortisol levels being over 5 times higher when experiencing acute stress as
opposed to chronic stress (Tintos et al., 2006). Environmental stressors are more likely to persist
as chronic stressors than others such as food scarcity, intra- and inter- species interactions, and
abiotic disturbances. However, it is important to note that although a stressor may persist
chronically, organisms will always experience an acute stress response at the onset of the
stressful conditions. This suggests that the timing of the onset of stress is of upmost importance
when considering how it may affect the species. Although species may adapt to manage chronic
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stress, they will still experience a spike of cortisol at the onset, which may have profound effects
on certain aspects of their life history such as larval settlement, reproduction, foraging, and more.
Adult blackeye gobies responded to each of the treatments in this study in different ways.
Blackeye gobies that were placed in seawater with a pH of 7.3 and normal levels of DO had the
greatest spike in cortisol at 1 hour. In order for fish to maintain homeostasis and acid-base
balance, they rely almost entirely on the exchange of acid-base equivalents in their environment
(Gilmour & Perry, 2009). Fish that are exposed to low pH seawater experience acidosis within
15 minutes of exposure with certain species increasing their uptake of HCO3- in order to return
their body fluids and tissues to a normal pH (Esbaugh et al. 2012). Both acidosis and increased
amounts of HCO3- within the body can have physiological consequences for the fish that could
contribute to the intensity of the stress response that is observed (Heuer & Grosell, 2014). For
blackeye gobies, it appears that this disruption in homeostasis and the altering of acid-base
regulation has a strong effect on the stress response.
Blackeye gobies that experienced DO levels of 2 mg O2/L and normal pH showed the
weakest stress response. Blackeye gobies are a demersal species and therefore do not have high
energetic demands for swimming and their aerobic requirements may be relatively low compared
to pelagic fish (Petrik et al., 2020). In addition, in an aquarium/laboratory setting, food is readily
available and abundant further lessening energetic demands. Even as DO decreased to a fraction
of what gobies would experience ambiently, they may be able to increase ventilation rates and
meet their aerobic requirements and thus not experience a strong stress response. Previous
research has shown that when fish are acclimated to hypoxic conditions increased ventilation
allowed fish to extract 85% of oxygen from the water that passed through their gills as oppose to
only 72% that was extracted by fish who were not chronically exposed to hypoxic conditions
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(Lomholt & Johansen, 2015). Hypoxia tolerance in blackeye gobies has not been well-described.
A review by Froehlich et al. (2015) reported that blackeye gobies have low hypoxia tolerance
and can survive in DO levels as low as 3.3 mg O2/L seawater. However, in this study, they were
able to survive and even reproduce in 2 mg O2/L seawater. Further investigation should be done
on the hypoxia tolerance of blackeye gobies in order to make stronger assertions about their
stress response when experiencing low levels of DO.
The treatment that combined both a pH of 7.3 and DO levels of 2 mg O2/L resulted in an
intermediate stress response from blackeye gobies. Although it was hypothesized that pH and
DO would work together as additive stressors, the data from the initial part of this study
evaluating the acute and chronic stress of adult blackeye gobies suggest that they are antagonistic
with one possibly imposing a dampening effect on the other. This same result is found when
analyzing the cortisol concentrations found in the adult females under the chronic stress of the
reproduction portion of this experiment (Fig. 6). When both stressors are present, disruptions in
acidosis compensation (Pane & Barry, 2007), cellular defense mechanisms (Burnett & Burnett,
2000), and overall immune function (Widdicombe & Spicer, 2008) have been observed. Due to
the antagonistic interaction observed in cortisol production, the results of this study suggest that
there is also a disruption in the stress response of blackeye gobies when low pH and low DO are
presented together. Further study needs to be done to determine how these combined
environmental stressors affect cortisol production and the stress response in teleost fish.
Fish that were held under the control treatment and experienced ambient ocean conditions
showed an uncharacteristically high amount of cortisol production at the 1-week timepoint. This
result goes against both what was hypothesized as well as what is commonly supported in the
literature. Although a rise in cortisol at 1-hour might have been expected in control fish due to
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handling stress, there is no indication that a spike in cortisol should have occurred under the
control treatment. Water quality logs from this day do not show abnormalities, and therefore this
unexpected stress response is not thought to be a result of the treatment and was likely due to a
confounding factor that occurred outside of the treatment parameters. As stated, the stress
response and corresponding cortisol production can be initiated by a multitude of stimuli and an
unexpected event likely occurred 1-2 hours prior to the time of sacrifice and sampling of the fish.

Cortisol Transfer Between Mother and Offspring
As cortisol production in mothers increased, so did the cortisol concentration in their
corresponding eggs. This is an important aspect of fish reproduction as larval fish will rely solely
on maternally derived hormones until their own endocrine systems fully develop. This positive
relationship between cortisol levels of mothers and their offspring has been observed both
naturally (Stratholt et al., 1997) and when maternal cortisol levels are artificially manipulated
(Eriksen et al., 2006). Although egg cortisol content is derived directly from the mother, some
cortisol concentrations in eggs range 2-3x higher than their corresponding mothers (Fig. 7). This
is true when looking at both the averages of all adult female cortisol concentrations in the
breeding tanks as well as just the largest female. There are a few possible explanations as to why
an increase in cortisol concentration was observed in the eggs. Although typically the largest
female in a harem will reproduce with the male (Lutnesky & Kosaki, 1995), for this experiment
it was unknown which female laid each clutch. The stress response and subsequent cortisol
production can vary largely between individuals (Balasch & Tort, 2019). In each treatment, there
were adult females whose cortisol concentrations were only ± 4 mg/L away from that of the
eggs. It is possible that the clutches were laid by these females, but due to uncertainty there are a
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number of other possible explanations for the observed differences between maternal and
offspring cortisol concentrations. In order to sample cortisol, mothers needed to be sacrificed.
Euthanasia can only occur after eggs had been laid. Stress levels and cortisol production may
have been lower at this time than at the time of vitellogenesis (the yolk forming stage of egg
development) as a surge of plasma cortisol during breeding and ovulation is commonly observed
in teleosts (Milla et al., 2009). Another possible cause of the difference in concentration of
cortisol could be explained by the difference of the tissue that was sampled. A portion of muscle
tissue from the mothers was compared to whole eggs of the same weight. Cortisol found in the
eggs was likely imparted from cortisol in the ovaries, which likely has a higher cortisol
concentration than that found in muscle as gonads can directly produce cortisol (Milla et al.,
2009). Despite the variations in cortisol concentrations between mothers and their offspring, it
can be stated with confidence that a positive relationship exists between cortisol concentrations
found in mothers and their corresponding offspring.

Reproduction under Hypoxic and Acidic Conditions
Although clutches of eggs were produced in all treatments, those that were laid under the
two low pH treatments were not successfully fertilized by the males in the tanks and therefore
failed to develop and hatch. When comparing this result with the correlating stress response of
adult blackeye gobies experiencing a low pH treatment (Fig. 5), these fish produced the highest
amount of cortisol and are considered to be the most stressed. Previous studies have found that
when individuals experience stress their reproductive output lowers (Morgan et al., 1999).
Higher amounts of stress could explain the failed reproduction in low pH treatments, as an
increase in glucocorticoids, particularly cortisol, inhibits spermatogenesis (Milla et al., 2009) and
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also contributes to spermatocyte apoptosis ultimately decreasing sperm yield (Gao et al., 2003).
Another possible explanation for the lack of fertilization success could be a reduction of sperm
motility at low pH. Blackeye gobies have external fertilization with females first depositing eggs
then males releasing sperm into the water. Therefore, blackeye goby sperm will be subjected to
environmental conditions for some amount of time. Past studies have indicated that sperm
tolerance of low pH conditions appears to be species specific. For example, a study evaluating
the orange-spotted spinfoot, Siganus guttatus, found that sperm were 91% motile at a pH of 7,
while another study in the same year found that pink cusk-eel, Genypterus blacodes, sperm was
only 43% motile at a pH of 7 (Dumorné et al., 2018; Huang et al., 2018). Although these studies
may seem promising due to a relatively high amount of sperm remaining motile, others have
shown that, at pH 7, sperm motility can be reduced to less than 5% in rainbow trout (Kobayashi,
Fushiki, & Ueno, 2004). Further research should be done to evaluate the pH level at which
blackeye goby sperm loses mobility and to determine if there is any variability between
individuals that may suggest their ability to adapt over time to decreasing levels of pH and
successfully fertilize clutches.
Lack of fertilization could impact the cortisol content measured in eggs from treatments
that were fertilized vs. unfertilized. It is unclear whether or not blackeye goby eggs would
experience a significant difference in cortisol levels based on fertilization success. When
investigating the same question, Bussy et al. (2017) found that unfertilized lake sturgeon eggs
had over 13x the amount of cortisol as their fertilized counterparts. However, silver carp eggs
show no difference between the cortisol content of fertilized vs. unfertilized eggs with mean
cortisol concentrations being within 5 ng (Kausar et al., 2013). Future studies should analyze
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cortisol content from both fertilized and unfertilized blackeye goby eggs from the same treatment
to determine the effect that fertilization might have on the cortisol concentration.
Consequences of Increased Cortisol in Offspring
As the frequency of low pH and low DO events are expected to increase as climate
change progresses, it is important to evaluate how offspring will respond to these conditions and
whether an increase in cortisol from mothers has any consequences, positive or negative, on their
physiological fitness. Due to the failed reproduction under both the low pH and the combined
stressor treatments, I only obtained results from clutches and subsequent larvae that were laid
and incubated under the control and low DO treatments. The results of this study showed that
both the treatment the eggs were incubated in as well as the amount of cortisol present influenced
the overall fitness of the larvae.
When considering the treatment effect and looking at the response of all clutches under
each treatment, those that were incubated in low DO conditions had more severe physiological
consequences than those that were incubated in the control treatment, regardless of the DO
treatment they were laid under. Notably, larvae that were incubated under low DO conditions
exhibited a longer time to hatching and at the time of hatching, they were shorter and smaller
than their control counterparts (Fig. 9 & 10). Hypoxia imposes a significant strain on developing
embryos. As the amount of dissolved oxygen in the water decreases, developing embryos may
struggle to meet the oxygen requirements for development. These resulting limitations in
development that are imposed by low levels of dissolved oxygen in surrounding seawater could
be detrimental to the survival of blackeye goby embryos and larvae. For example, hypoxia has
been linked to detriment in many aspects of larval performance and viability, such as poor
swimming and alteration of cardiac gene expression (Johnston et al., 2015), limiting aerobic
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scope (Domenici et al., 2013), and changes in predator escape behaviors (Domenici et al., 2007)
Longer incubation times increase the chances of predation and the resulting marine egg mortality
(Bailey & Houde, 1989). In addition, larval size and mortality are inversely related meaning that
the smaller larvae from low DO treatments are potentially more susceptible to predation (Porter
& Bailey, 2007). Despite these morphometric deficiencies in larvae that were laid and incubated
in low DO seawater, they did not experience a change in mass-specific standard metabolic rate
(SMR) from their control counterparts. This is in contrast to the eggs that were laid under the low
DO treatment but incubated in control seawater, which exhibited an increase in their mass
specific SMR. A previous study using larval red sea bream, Pagrus major, compared hypoxia
tolerance and oxygen consumption of larval fish and found that as the level of hypoxia
intensifies, oxygen consumption increases as the demand for oxygen changes throughout the
different developmental stages (Ishibashi et al., 2005). The results of this study add further
support to the claim that hypoxia-induced elevated circulating cortisol imparted from the mother
would result in higher basal energetic demands. The results here could also have been amplified
by the release of stressful conditions experienced by the mother.
When comparing the clutches within each treatment and examining how different
concentrations of cortisol affect larval development and fitness, it was found that higher cortisol
concentrations give blackeye goby larvae a physiological disadvantage. Although previous
studies have suggested that a higher cortisol supply made larvae more equipped to handle the
same stressors experienced by their mothers (McCormick, 2006), this study found that was not
the case for blackeye gobies. Reduction in physiological fitness has been a well-documented
result of stress and increased circulating cortisol and this study supports that this is also the case
for blackeye goby larvae.
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CONCLUSIONS
Decreased pH, decreased dissolved oxygen, or a combination of the two stressors are
detrimental to blackeye goby reproduction and offspring fitness. Whether it be preventing
successful fertilization of eggs or resulting in embryos and larvae that have developmental
disadvantages, the impacts of both the stressors themselves as well as the increased amounts of
circulating cortisol negatively affected blackeye goby reproductive success. These conditions
could have severe impacts on the future populations of blackeye gobies as well as species that
have similar lifestyles and physiology that may respond similarly to the stressors. If species are
not able to reproduce or have their reproductive output significantly reduced this would impact
fisheries – especially those based in California where upwelling occurs. Species that are not able
to produce enough offspring to maintain a sustainable fishery could have additional regulations
placed on them creating a domino effect that would disrupt both supply and jobs. In addition to
further study to better understand these stressors and their effects on blackeye gobies, research
should be conducted to describe the species-specific consequences that these treatments have on
reproduction in other marine teleosts. Efforts should also be made to slow the progress of
anthropogenic climate change with emphasis being placed on measures that can both slow ocean
acidification and reduce the occurrence of hypoxic events. If these stressors become too
prevalent too quickly, species may not be able to adapt and persist under them.
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TABLES
Table 1: Average levels of pH and dissolved oxygen measured by a Hach multiparameter meter
(HQ40D) each day for the duration of the experiment.

Control
9.08 ± 0.08 mg/L O2
8.03 ± 0.03 pH

Low DO
2.10 ± 0.07 mg/L O2
8.04 ± 0.02 pH

Low pH
9.09 ± 0.05 mg/L O2
7.34 ± 0.04 pH

Combined
2.08 ± 0.08 mg/L O2
7.33 ± 0.02 pH
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FIGURES

Figure 1: Experimental design for adult stress response analysis. Four different treatments were
maintained throughout the experiment: control – 9.0 mg O2/L seawater and ~8.1 pH; low DO – 2.0 mg
O2/L seawater and ~8.1 pH; low pH - ~9.0 mg O2/L seawater and 7.3 pH; and combined – 2.0 mg O2/L
seawater and 7.3 pH. Two replicate tanks were maintained for each treatment with 30 adult blackeye
gobies being placed in each. Blackeye gobies were held under these treatments until euthanasia after 1hour (n=15) or 1-week (n=15).
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Figure 2: Experimental design for reproduction experiment. (A) Four treatments were maintained
throughout the experiment: control – ~9.0 mg O2/L seawater and ~8.1 pH; low DO – 2.0 mg O2/L
seawater and ~8.1 pH; low pH – ~9.0 mg O2/L seawater and 7.3 pH; and combined – 2.0 mg O2/L
seawater and 7.3 pH. Two replicate tanks were maintained for each treatment with 2 male and 8 female
blackeye gobies placed into each tank. Blackeye gobies were held under treatment until at least two
clutches had been laid. (B) Male blackeye goby exhibiting nest guarding behavior with two females
nearby.
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Figure 3: Experimental design for offspring fitness tests. (A) Two-gallon larval rearing buckets were set
up to maintain the following treatments: control – ~9.0 mg O2/L seawater and ~8.1 pH; low DO – 2.0 mg
O2/L seawater and ~8.1 pH; low pH – ~9.0 mg O2/L seawater and 7.3 pH; and combined – 2.0 mg O2/L
seawater and 7.3 pH. Clutches that were laid under each treatment described in Fig. 2 were split with one
half incubated in the same treatment they were laid under, and the other half was incubated in the control
treatment (ambient ocean conditions). Clutches were left under treatments until hatching. It should be
noted that clutches laid under both the low pH and combined treatments were not fertilized successfully
and this experiment was only carried out for the control and low DO treatments. (B) A clutch of blackeye
goby eggs laid on the underside of a terracotta saucer.
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Figure 4: Cortisol production in adult blackeye gobies is independent of size. (A) Adult female blackeye
goby muscular cortisol concentration compared to standard length. (B) Adult female blackeye goby
muscular cortisol concentrations compared to wet weight.
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Figure 5: Average cortisol concentrations in adult female blackeye gobies from each treatment under
acute (1-hour) and chronic (1-week) stress. Error bars are ± 1 SE.
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Figure 6: Average muscular cortisol concentration of adult female blackeye gobies from the reproductive
trials across all treatments. The overall trend is consistent with the adult females who were under chronic
stress from the first portion of this study. Error bars are ± 1 SE.
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Figure 7: Adult female and egg cortisol concentration comparison. (A) Average muscular cortisol
concentration of all adult female blackeye gobies from each treatment compared to the average whole egg
cortisol concentration of corresponding offspring from the same treatment. (B) Muscle cortisol
concentration of the largest adult female blackeye goby from each treatment compared to the average
whole egg cortisol concentration of corresponding offspring from the same treatment. Significant
regression is represented by a dark green line. Error bars are ± 1 SE.
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Figure 8: Fertilization success for clutches laid across all four treatments.
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Figure 9: Incubation time (days until hatching) for each clutch across all treatments. Statistical
significance denoted by asterisk.
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Figure 10: Larval morphometrics from each treatment. (A) Standard length of larvae from both clutches
from each treatment. (B) Batch wet weight of larvae from both clutches from each treatment. Statistical
significance denoted by asterisk. Error bars are ± 1 SE.
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Figure 11: Standard metabolic rate of larvae from both clutches from each treatment. Statistical
significance denoted by asterisk. Error bars are ± 1 SE.
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Figure 12: Larval physiological response variables compared to whole egg cortisol concentration of eggs
from both clutches from each treatment. (A) Whole egg cortisol concentration compared to incubation
time (days to hatch). (B) Whole egg cortisol concentration compared to mass specific standard metabolic
rate. (C) Whole egg cortisol concentration compared to standard length of larvae at 1 dph. (D) Whole egg
cortisol concentration compared to batch wet weight of larvae at 1 dph. Significant regression represented
with dark green lines.

